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ABSTRACT
Lee, Yun Jo MSECE, Purdue University, December 2017. Ultrafast Laser-Induced
Damage Threshold of the optical materials in near-infrared region. Major Professor:
Minghao Qi.
Ultrafast optics is widely used in nowadays for optical communication, tomography, remote sensing and ranging, and even fabrication methods. In order to generating
the ultrafast optical signals from such applicable devices, we need to understand the
threshold that the material consisting the devices can bear without any damages.
Materials’ Laser-Induced Damage Thresholds (LIDT) are varying with the laser’s
characteristics that irradiated onto the material and the materials’ band gap energy.
Abundant journals and papers had been published with this topic, however, it was
not well studied in optical communication wavelength range.
In this thesis, existing widely-accepted LIDT theory will be reviewed, and a LIDT
testing setup and its results with various laser characteristics and with diﬀerent optical
materials will be proposed. Especially, LIDT of stochiometric silicon nitride (Si3 N4 )
ﬁlm with diﬀerent thickness has been tested. Optical materials’ damaged surface by
near-IR, femtosecond laser is investigated with various tools, and with comparing
with the spot sizes of the laser. In future work, suggested LIDT testing setup for
improving both accuracy and theoretical ﬁtness would be proposed, and LIDT study
for optical waveguide aspect would be mentioned.
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1. INTRODUCTION
Ultrafast laser recently attracting great interest due to its variable potential applications, such as wireless terahertz telecommunication [1], tomography [2], remote
sensing and ranging [3], and even the device fabrication method, like direct laser
writing systems [4]. Now that the a semiconductor industry has developed for several
decades, and its fabrication techniques have been in state of the art, researchers want
to reduce the size of those system due to the high potential of the compatibility with
the electronic integrated circuits [5]. In addition, along with the growth of the semiconductor industry, the study of material interactions with the laser becomes quite
advanced as well, so the industry now tries to jump into the research that can reduce
the size of such ultrafast laser systems to the on-chip semiconductor devices, like Fig.
1.1. and Fig. 1.2.

WR-3 hollow metallic waveguide

OfQ

Qr(9-€),

cejt
o

r :0.30o

Fig. 1.1. Examples of on-chip integrated photonic transmitters, photodetectors, waveguides, and metamaterial structures for THz modulator [1].
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Fig. 1.2. Example of silicon nitride on-chip micro-ring resonators and
waveguides with [6].

However, we may confront the problem that if the size of the laser system is reduced, the capability of handling the output power is also reduced [7] due to the
materials being damaged or degraded. For example, if the power radiated on the
on-chip optical waveguides is above a certain threshold level, we could observe the
phenomena of the waveguides’ deformation, as in Fig. 1.3. Thus, in order to increase the viability of generating an ultrafast laser from on-chip devices, calibrating
the power that the materials can withstand without any damage is quite crucial to
investigate prior to designing the optical devices. Laser-Induced Damage Threshold
(LIDT) is one of the material characteristic studies of material-laser interactions that
can evaluate the materials’ capability of the handling power without any degradation.
The term LIDT deﬁnes a critical power or peak ﬂuence of laser irradiation causing
irreversible changes in materials structure [8]. Thus, LIDT is a study of when the
material reacts with high power irradiation, and usually it is studied with ultrafast
ultra-intense laser.

3

Fig. 1.3. Examples of microscopic images of the sites of waveguide
damages due to the high power irradiation: observe from top-view
(top) and horizontal-view (bottom) [9].

LIDT studies of various materials can act as guidelines of standard power operation of each application. Especially, it gives very useful information to design the
structures of the on-chip electron accelerators which is in nowadays extensively researched on. In order to achieve the accelerator on chip, it needs to use dielectric or
semiconductor materials to design and fabricate the laser accelerator structure system
which can accelerate the electrons up to few GeV/m on the size of small microchip
scale. To initiate its goal, it needs to use the pulse laser with having high electric
ﬁeld and sub-picosecond pulse duration for operating resonant structures like woodpile or grating structure [10], and guides this pulse laser through the waveguide and
divide it by waveguide splitters, like it shows on Fig. 1.4., so that the pulse laser
can synchronize its electric ﬁeld phase with the electron bunches. Before we design
and fabricate the waveguides of ultrafast laser, LIDT is one of the conditions that we
should consider because it determines the maximum pulse power that the waveguide
can handle. It is very important aspect to select the materials of waveguide and its
geometry.
In fact, LIDT does not have only one value per each material. It is aﬀected by
variable parameters. With respect to materials’ aspects, the value can be depending
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Fig. 1.4. Schematics of the waveguide network with waveguide splitters and optical delay lines [11].

on materials own band gap energy, crystallization, and its nonlinearity. Even its
geometry and its ﬁlm thickness may change its value as well. As for the laser’s
characteristics aspects, its central wavelength, pulse width, and repetition rate can be
related with it. Also, even materials surrounding environments (atmospheric pressure
and chemical compounds of surrounding air) can play a role in determining its value.
Thus, in order to investigate LIDT, we have to consider such variations at ﬁrst.
Since 1964, when L.V. Keldysh ﬁrst proposed the theory which discusses about the
ionization of atoms and solid bodies in the ﬁeld of a strong electromagnetic wave, laserinduced breakdown and its damage threshold has been extensively researched over 50
years. LIDT values with various materials and diﬀerent pulse laser’s characteristics
have been widely investigated for a while, however, the materials’ values that had
been investigated are quite related with the usage of optical components, such as
laser mirrors, ﬁbers, nonlinear crystals, optical ﬁlters, etc. Also, most of the LIDT
values had set with laser’s central wavelengths with either 1064 nm, 800 nm, or even
shorter wavelength range, such as Ultraviolet [12]. These parameters are not suitable
for applying neither optical communication nor electron accelerators. In order to
operate these application, we need to investigate the values near infrared wavelength
ranges.
In this thesis, the experimental results of laser-induced damage threshold values
of several optical materials (Si, SiO2 , Si3 N4 , Al2 O3 , and LiNbO3 ) with diﬀerent laser
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characteristics are presented. In Chapter 2, a theoretical models of LIDT and various
parameters that ca eﬀect the LIDT is going to be reviewed. In Chapter 3, subpicosecond near-IR ultrafast laser radiation system and its experimental setup of
LIDT test is going to be described, and the method to perform the experiment would
be also stated in detail. In Chapter 4, the result of LIDT values are going to be
discussed and the result would be compared with the theoretical prediction and other
journal’s value. Finally, Chapter5 summarizes and concludes the results of the thesis
and suggest the future works that relate with LIDT in the waveguide’s aspect.
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2. THEORETICAL OVERVIEW
As I discussed earlier about the deﬁnition of Laser-Induced Damage (LID), which
is irreversible change of material structure [8] by laser irradiation, it implies the
signiﬁcant displacement of atoms from their original location only by supplying the
energy from laser radiation [13]. It means that there is a coupling process between the
energy deposition and transfer in solids that can bring about the atomic motions [13].
This coupling process is the electron excitation by absorbing laser radiation. Due to
the mass of electron is 103 to 104 time smaller that of atom, electrons can take place
before atomic subsystem exhibits any signiﬁcant reaction to laser action, and then
the motion of atomic subsystem comes with it [13]. Electron excitation by absorbing
laser radiation refers the electrons trapped in the valence band suddenly jump into the
conduction band and act as a free electron motion. We can group the laser-induced
processes with ‘fast optical response’ for former action and ‘slow optical response’
as a latter one [13], and this ‘slow optical response’ occurs after one picosecond
region. Figure 2.1. represents what kind of laser-induced responses occur as a view
point of time duration. ‘Fast optical response’ takes care of generating free electrons
initially. Once some of the number of electrons from the valence band excited into
the conduction band by multiphoton, tunneling, or photoionization, these electrons
collide with diﬀerent electrons and phonon. Collision between the electrons in the
conduction band induces more electrons due to the avalanche or impact ionization
within one picosecond, and these increments induces more collide between the electron
and phonon which starts to inducing heat in afterwards. Finally at certain point
(when the electron density reaches at certain number), such electron-phonon collisions
induce defects in the material and modifying it, and these processes refer as ‘slow
optical response,’ which is usually happen within one nanosecond.
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•

Heating and thermal effects
Modification of material structure
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Fig. 2.1. A scheme of time hierarchy of laser-induced microscopic processes [13]

In addition, such laser-solid energy deposition and transfer processes are closely
related with the amount of intensity of laser radiation. Figure 2.2. shows a diagram
of ablation processes with timescales and intensity ranges. This thesis looks for the
sub-picosecond pulse duration with the optical semiconductor and dielectric materials’
LID processes, and usually the damage occurs around 1012 to 1013 W/cm2 of the laser’s
intensity. According to the diagrams of Figure 2.2., once the free electron is generated
within a few femtosecond range, the material goes through either thermal or nonthermal melting due to electron-phonon collision and reaches the ablation afterwards
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around the intensity range that this thesis focuses on. Many of the researchers believe
the point when it reaches ablation is when the number of electron density becomes a
critical plasma density [13].
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Fig. 2.2. Typical timescales and intensity ranges of several phenomena
and processes occurring during and after irradiation of a solid with
an ultrashort laser pulse of about 100 fs duration. [14]

For sub-picosecond, high-intensity laser-induced breakdown on transparent optical
dielectrics, widely accepted model of LIDT is that the damage occurs when the plasma
frequency, which is generated from free electron density inside the conduction band of
the material, is resonating with the laser frequency which irradiates onto the material
[15]. The plasma frequency has an inverse-square relationship with the density in the
conduction band. If electrons in the conduction band reach a critical density, damage
has been started as a form of material ablation [15]. This critical electron density, ne ,
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is deﬁned as the point at which the plasma frequency (ωp ) and the laser frequency
(ωl ) are resonant [15]. Precisely, this can be described as:
s
ωl = ωp =

ne e2
 0 m∗

(2.1)

where ne refers to the free electron density inside the conduction band, 0 is the
electron permittivity. and m∗ is a reduced mass. When the pulse of sub-picosecond,
near-IR range is irradiated, ne has a value usually around 1020 - 1021 cm−3 .

2.1

General Mathematical Description of the Rate of Electron Density
in the Conduction Band in the Optical Materials
In order to reach the critical electron density in the conduction band in the optical

materials with sub-picosecond pulse duration, three mechanisms can be explained to
reach it: photoionization, avalanche ionization, and relaxation eﬀect. These mechanisms are working in series. Thus, the total rate of change of electron density in the
conduction band can be described:
ne (t)
dne
= K(I) + A(I, ne ) −
dt
T

(2.2)

where K(I) is the Keldyshs photoionization rate, A(I, ne ), describes the rate of
avalanche ionization, and the third term, − nTe , represents about the rate of relaxation
out of the conduction band [15]. In order to simplifying the Keldysh’s photoionization
rate and avalanche ionization rate with the term of I(t), the equation 2.2 can be
describe as
ne (t)
dne
,
= σk I(t)k + αI(t)ne (t) −
dt
T

(2.3)

where σk is the multiphoton absorption coeﬃcient for absorption of k photons, and
the number of photons, k, can be determined by the smallest number which satisﬁes
the relation k¯hω ≥ Eg [17, 18], and α is a coeﬃcient of avalanche ionization. Once ne
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multi photon
+ avalanche
multiphoton
+ avalanche
+ trapping

1020

mu!Hphoton

101s

-100

0

100

time (fs)
Fig. 2.3. Schematic illustration of 100 fs laser-induced electron density
increment under three diﬀerent excitation mechanism: multiphoton
ionization, avalanche ionization, and trapping (relaxation) [16].

in the equation solved, it can be plotted as the electron density combining with the
pulse duration as a function of time and it is illustrated like in Fig. 2.3.

2.1.1

Photoionization Rate

One of the fast electron response process is a photoexcitation. Each individual electron transition has been taken less than 1 femtosecond [19–21], and it is one of key
contributors to nonlinear absorption [13]. It is a direct non-collision up-transitions of
electrons by absorbing several laser photons driven by electric ﬁeld of laser light, and
it can be referred as photoionization if the electrons bounded in valence band become
unbounded state in conduction band [13]. Depending on the laser frequency, material’s band gap energy, and pulse’s peak intensity, there are two diﬀerent regimes of
photoionization can dominate: the multiphoton ionization regime and the tunnelling
ionization regime [18].
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Keldysh parameter γ can determine such photoionization regimes. It indicates
whether the electron will have time to tunnel under the potential barrier during the
barrier lifetime or not [22]. Thus, Keldysh parameter is related with the energy band
gap of the material and the laser intensity irradiating on the material. If γ  1.5,
the tunneling time is large so that tunneling rate will dominate in photo-ionization
rate, but if γ  1.5, multiphoton ionization rate will be dominant. Fig. 2.4. helps to
understand Keldysh theory easily. With very strong electric ﬁeld and with low laser
frequency, the Coulomb well can be suppressed enough that the bounded electron
tunnels through the short barrier and becomes free state [18]. In this case, the
tunneling ionization dominates the electron excitation mechanism. If the laser has
high frequency (but the photon energy still below the material’s band gap energy) and
weak electric ﬁeld (but much higher than 1011 W/cm2 ), each electron simultaneously
absorbs several photons and nonlinear ionization occurs [18]. This mechanism calls
multiphoton ionization.
y < 1.5

y- 1.5

tunnelling

intermediate

y> 1.5
MP I

/ \J

0 \ ./ \ ••

Fig. 2.4. Schematic diagram of the photoionization of an electron in
an electron in an atomic potential for diﬀerent values of the Keldysh
parameter [18].

The Keldysh parameter γ, which the value indicates the dominant electron excitation mechanism, can be described:
ωl
γ=
e

r

m∗ Eg cn0
2I0

(2.4)
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where ωl indicates laser frequency, m∗ is a reduced mass, Eg is a band gap energy of
material, c is a speed of light, n0 is a refractive index, is a material’s permittivity,
and I0 indicates the laser intensity.

-

C"?
I

E
(.)

1020
'

tunnelling·.

..

'

....

1/'-

.,,,.

'

.......

,1

'
\

#

\

b

\

.c.
(/)

>,

32
(1)
:::S:::

7.5 eV
800 nm
0 .1 .__..___,_._.................._.__._...__.......................___....._......_..__._....__._......
1012

1013

1014

1015

intensity (W/cm 2)
Fig. 2.5. Photoionization rate and Keldysh parameter as a function of
laser intensity for 800 nm light in fused silica (7.5 eV band-gap) [18].

L.V. Keldysh, who ﬁrst demonstrated the ionization in the ﬁeld of a strong electromagnetic wave, described both multiphoton and tunneling regimes within the same
framework, which can be presented in following equation [23]:
2ωl
K(I) =
9π



ωl m∗
√
h̄ γ1

 32



K(γ1 ) − E(γ1 )
Q (γ, χ) exp −π [χ + 1]
E(γ2 )

(2.5)
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where,
γ1 =

γ2
1 + γ2

γ2 = 1 − γ1 =

1
1 + γ2

(2.6)
(2.7)

and Q (γ, χ) can be expressed as,
Q (γ, χ) =

r


 
∞

p
π X
K(γ1 ) − E(γ1 )
exp −nπ
Φ
η (n + 2µ)
E(γ2 )
2K(γ2 ) n=0

(2.8)

where Eg is a material’s bandgap energy, c is the speed of light, 0 is the electric
constant, n0 is the index of refraction, I0 is the laser intensity, K and E are elliptical
integrals of the ﬁrst and second kind respectively. Also,
Z z
�

Φ(z) =
exp y 2 − z 2 dy

(2.9)

0

η=

π2
2K(γ1 )E(γ1 )

(2.10)

µ = [χ + 1] − χ

(2.11)

2Eg E(γ2 )
√
π¯hωl γ1

(2.12)

χ=

This full Keldysh rate can be drawn with respect to laser intensity and it is shown at
Fig. 2.5. If the plot of multiphoton ionization and its tunneling ionization merge together near γ ≈ 1, we can have an exact plot of keldysh ionization rate from weak laser
intensity (multiphoton ionization) to strong laser intensity (tunneling ionization).

2.1.2

Avalanche Ionization Rate

The second term, A(I, ne ), which refers to an avalanche ionization, comes from the
inelastic electron-phonon collisions that the process which energy transfer to phonons
[13]. Once a free electron in the conduction band of the material absorbs several laser
photons linearly, it has a higher energy state [18], which process is called the inverse
bremsstrahlung absorption. In order to conserve both energy and momentum, the
electron with higher energy state must transfer momentum by absorbing or emitting
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a phonon or scattering oﬀ an impurity [18]. Thus, in certain energy level the free
electron drops its own potential energy and transfers the energy into the momentum.
This transferring momentum process can lead to impact ionization, and it can induce
another electron from the valence band. Thus, the avalanche ionization requires
some ’seed’ electrons in the conduction band and these are mostly coming from the
multiphoton or tunneling ionization [18]. Fig. 2.6. describes these procedures by
visual scheme. Stuart et al. [24] proposed that the avalanche ionization rate depends
on the linear scaling with laser intensity. If we consider η as the avalanche ionization
rate and α as the avalanche ionization coeﬃcient, then the second term, A(I, ne ), can
be described like this:
A(I, ne ) =

dne
= ηne = αIne
dt

(2.13)

The coeﬃcient α can be evaluated either ﬁtting experimental data of LIDT or from
numerical solving a Fokker-Plank equation for electrons of the conduction band [13].
It depends on the pulse duration, intensity, and even wavelengths.
E
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Fig. 2.6. Scheme of electron interactions of photoionization, inverse
Bremsstrahlung absorption, and impact ionization in the conduction
band [25].
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2.2

Multiple Pulse Sub-Picosecond Breakdown
Until the above equations and theories are capable of describing the sub-picosecond

breakdown mechanism only interacts with the single pulse. However, the pulse operational optical devices and the applications need to bear not only a single pulse but
also inﬁnite shots of the pulses. In most cases, LIDT of multiple shots of laser damage
threshold (S-on-1 threshold) is lower than that of single shot (1-on-1 threshold). It is
due to the electron accumulation of lattice (or impurity) defects. Usually the optical
dielectrics have intermediate states in between conduction and valence bands, and
when the electrons are excited by the photoionization, such intermediate states are
occupied after they reach to the conduction band and then decay. Such formation
is called the self-trapped excitons (STEs) and subsequently color centers [17, 26, 27].
Accumulation in intermediate states are last long about from minutes to even month
at room temperature [26]. These eﬀects are called the incubation eﬀect. If there is a
material which has an energy level diagram like Fig. 2.8, the rate of electron density
in the CB is adding another term into the equation 2.3, which will be described like
this:
NCB (t)
dNCB (t)
+ σs Ns (t)I(t)k + σD ND (t)I(t)k
= σk I(t)k + αI(t)ne (t) −
dt
TV B




ND (t)
NCB (t)
NS (t)
NCB (t)
−
1−
−
1−
TD
ND,max
TS
NS,max

(2.14)

where ND and Ns are the number density of shallow traps and ground-state selftrapped exciton [26]. Due to the additional terms of intermediate state in the rate
equation of the electron density, most of the LIDT values with multiple pulse decrease
as increasing the number of pulses. At some point of number of pulses (around 102
to 103 pulses), LIDT value is saturated and it keeps constant value, like Fig. 2.9.
It is because all the intermediate states are occupied by excitation from multiple
pulses. However, this incubation eﬀect is independent of the repetition rate because
the lifetime of the defects are usually exceeds tens of minutes [26]. Mero et al. had
done with the damage threshold ﬂuence test with respect to the repetition rate with
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the same amount of pulse number, and the result shows no diﬀerences of the damage
threshold ﬂuence, like Fig. 2.10.
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VB - - - - - - - - - - - - - Fig. 2.7. Energy level diagram of Ta2 O5 : VB, valence band; CB,
conduction band; level D, shallow trap; and level S, self-trapped exciton [26].
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2.3

Thin-Film Optical Breakdown
In order to make optical waveguide with highly transparent materials, such as

silicon nitride (Si3 N4 ) or tantalum pentoxide (Ta2 O5 ), these are necessary to deposit
onto the substrates as a thin layer and then etched away by various chemical reactions.
These are also limited to deposit upto few micro-meters. Thus, testing LIDT value
with these materials cannot solely stand in a free-space,but it needs to take account
with the laser interaction betwen the bulk substrate materials and the thin-ﬁlms.
These interaction is called the interference eﬀects, and it needs to be concerned when
the LIDT value of these materials are calculated [29]. According to Mero et al. said in
his paper that the laser-induced damage starts at the location of maximum intensity
inside the ﬁlm, which ratio of the maximum ﬂuence in the ﬁlm is about 0.7 times
the incident ﬂuence independent of material [29]. For most of the thin ﬁlms, two of
the standing wave maxima are located at the air-coating and the coating-substrate
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interface [29]. For taking account into this interference eﬀect factor, the equation 2.3
would be modiﬁed as:
ne (t)
dne
= σk [ξI(t)]k + αξI(t)ne (t) −
dt
T

(2.15)

where ξ ≈ 0.7 is the ratio of the maximum internal and incident intensity [29],
and by using this factor it can be possible to calculate the material’s intrinsic LIDT
value so that it would be similar result with the LIDT of bulk of the material.
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Fig. 2.10. Standing-wave intensity distribution of 500 nm single layer
of Ta2 O5 /SiO2 sample (only look at the dotted line) [30].
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3. EXPERIMENTAL SETUP OF LIDT TESTING
In order to deﬁne the laser-induced damage threshold of ﬁve optical materials (Si,
SiO2 , Si3 N4 , Al2 O3 , LiNbO3 ) with the sub-picosecond, near-IR, and the inﬁnite number of pulses of ultrafast laser radiation, the testing had been done in Stanford University, from January to August 2017. This author had performed the LIDT testing,
however, only limited laser characteristics variation had been given due to the limited
time usage and to avoid the laser usage conﬂict with the other projects. Three diﬀerent laser characteristics had been given: one with 700 fs of pulse duration, 800 nm of
central wavelength, and 1 kHz of repetition rate from Ti:sapphire regenerative ampliﬁer (which calls it as a Spitﬁre® ), and the other two were 300 fs of pulse duration,
both 1550 nm and 2000 nm of central wavelengths, and 10 kHz of repetition rate from
Pharos-Orpheus® regenerative ampliﬁer system. LIDT test setup needs four parts:
pulse generation system, beam path alignment and focusing setup, power and damage
detector setup, and sample preparation. Following sections explain about the ways of
generating pico- and femtosecond laser pulse, how to set up the beam path alignment,
focusing, and detecting, ﬁnding beam spot size, and the sample preparation.

3.1

Sub-Picosecond High Intensity Laser Generation Setup
Generating high power, pico- and femtosecond laser is quite complicated because

it need to synchronize two diﬀerent laser systems that generate with diﬀerent pule
characters, ﬁnally combine them using special technique. High-intensity pico- and
femtosecond with near-IR central frequency laser generation needs such system: seed
laser, pump laser, regenerative ampliﬁer, Optical Parametric Ampliﬁer (OPA). Seed
laser for pico- and femtosecond laser usually consists of mode-locked laser. Since
LIDT test needs a high-power pulsed laser and extremely short pulse duration, the
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laser system needs a regenerative ampliﬁer in order to amplify ultrashort pulse by
stretching, amplifying, and compressing an input ultrashort pulse which comes from
a seed laser. This technique is called Chirped Pulse Ampliﬁcation (CPA) and you can
easily understand the concept of how the CPA works in the regenerative ampliﬁer on
Fig. 3.1.

Stretcher

Low Power
Short Pulse

.
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Amplifier

Reduced Power
Stretched Pulse

--

Compressor

Amplified
Stretched Pulse

.-

High Peak Power
Compressed Pulse

Fig. 3.1. Concept of generating ultrashort high-intensity pulses
through regenerative ampliﬁer [31].

Its seed laser consists of mode-locked laser. Mode-locked laser operates with a
technique which can emit a train of ﬁxed-phase ultrashort pulses induced by FabryPerot cavity and the laser gain medium with large bandwidth [32]. This laser gain
is provided by diode, single-frequency laser. Pump laser for regenerative ampliﬁer
is necessarily needed to amplifying the pulse in the regenerative ampliﬁer. Usually,
the pump laser consists of Q-switched laser because it does not need to provide
neither ultrashort pulse duration nor high repetition rate, but it needs to generate
high energy and high peak power laser. Once the attenuator places inside the lasers
optical resonator, and once the stored energy in gain medium, which is inside the
resonator, is increased (by population inversion) with certain amount, suddenly this
attenuator (Q-switch) activates and radiates ampliﬁed high peak-power pulse laser.
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Lastly, the regenerative ampliﬁer combines with these seed and pump laser and emit
the ultrashort high-intensity laser. Once the mode-locked ultrafast seed laser coming
through the entrance of regenerative ampliﬁer, it stretches the pulse tempoarily by
several round trips with a stretcher grating and a mirror, and ampliﬁes by gain
medium, excited by Q-switched pump laser, and input/output Pockels cells. The
Pockels cell is combined with a quarter-wave plate and a thin-ﬁlm polarizer, which
can change its birefringence induced by electric ﬁeld [33]. After amplifying the pulse,
it goes through a compressor grating and mirrors to compress the pulse spatially,
and irradiate its pulse with ultrafast, high-intensity, and low repetition rate pulses.
Furthermore, in order to switch the central wavelength of the ultrafast pulse, we set
the OPA. OPA can convert the pulse with diﬀerent wavelength by using nonlinear
crystal inside. Using pumped laser from regenerative ampliﬁer and idler signal from
its inside solid-state material, OPA generates the signal laser by using nonlinear eﬀect,
such as Sum-Frequency-Generation (SFG), Diﬀerence Frequency Generation (DFG),
or Second Harmonic Generation (SHG), and so on.
For the laser setup of its characteristics of 700 fs, 800 nm, and 1 kHz, we use the
seed laser with The Coherent Mira Optima 900-F mode-locked ultrafast laser, which
has a titanium:sapphire (Ti:Sapphire) as the gain medium, and it is tunable from 700
nm to 980nm [34]. Its pumped beam uses with Verdi V-10 diode-pumped laser, which
has a compact system of solid-state diode-pumped, frequency-doubled Nd:Vanadate
(Nd:YVO4) laser that provides single-frequency green (532nm) output [35]. For the
pump laser, we use the Empower Q-Switched Green (Nd:YLF) Laser, which can
deliver an average output power of up to 45 W at 527 nm and pulse repetition
rate from 1 kHz to 10 kHz [9]. For the regenerative ampliﬁer, we use the SpectraPhysics Spitﬁre® system, which can amplify the mode-locked Ti:Sapphire laser with
1 millijoule with 50 femtosecond to 80 picosecond pulse duration [31]. Fig. 3.2. shows
the current regenerative ampliﬁer structure and the beam path. For OPA, we set the
Spectra-Physics® OPA-800CF, but it was not been used in this experiments.
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The laser setup of the characteristics of 300 fs, 1550 and 2000 nm, and 10 kHz,
which calls as Pharos-Orpheus® laser system, it is slilghtly diﬀerent with the Spitﬁre®
regenerative ampliﬁer setup. Pharos® is also a regenerative ampliﬁer, but does not
need any external source to pump the laser. For example, the continuous-wave diodepumped laser, mode-locked laser, and Q-switched shutters are all included into Pharos
system. Unlikely with the Spitﬁre® , it employs direct diode-pumped Yd:KGW (ytterbium doped potassium gadolinium tungstate) as an active medium [36]. once the
ultrashort pulses coming out from Pharos® with 100 to 400 µJ of energy, 1030 nm of
central wavelength, and 10 kHz repetition rate, the go into the Orpheus-HP® OPA
system and convert the wavelength range from 620 nm to 3000 nm [37].
Seed Pulses

STRETCHER

;,./4
waveplate

Input
Pockels Cell

REGENERATIVE AMPLIFIER

Fig. 3.2. Overview of Spectra-Physics Spitﬁre® regenerative ampliﬁer
structure and beam paths to generate ultrashort, high-intensity pulses
[31].
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3.2

Beam Path Alignment Setting
The scheme of LIDT testing setup with using Spitﬁre® regenerative ampliﬁer is

shown on Fig. 3.3. LIDT test must need to align the beam path precisely so that
the damage can be detected and the powers of making damage can be measured
exactly. The ﬁrst step to precisely align it is irradiating the ampliﬁed pulse laser
onto the plane of the sample substrate perpendicularly so that it makes much easier
to proﬁle the Gaussian beam distribution. Thus, the experimental setup used the
stirring mirrors and diaphragm on the way of beam path so that they can help to
easily guide the beam to illuminate onto the sample substrate perpendicularly. Also,
in order to change the power irradiated onto the sample, the experimental setup used
continuously variable Neutral Density (ND) ﬁlter in the middle of the beam path so
that the pulse power can be adjustable by hands. After that, in order to detect the
power applied onto the sample in real-time, we set the pellicle beam splitter after
ND ﬁlter. Pellicle beam splitter is a thin, semi-transparent mirror employed optical
instrument that the beam power is separated when the beam goes through it with
speciﬁc fraction of transmittance and reﬂectance. Such fraction is not changed by the
power of the beam so that once we detect the power from reﬂected one, we can exactly
determine the power applied onto the sample. Then the pulse left from pellicle beam
splitter should pass the convex lens for focusing it, and the sample should elaborately
adjust its position where the beam is focused on using linear translation stage. Its
minimum adjustment limit is about 500 nm for all x-,y-, and z- direction. The vacuum
chamber attached on the translation stage and the sample should be attached inside
the chamber with a Kapton® tape. This vacuum chamber had been used for the LIDT
test in both atmospheric and vacuum pressure. Finally, once the damage occurs, the
reﬂected beam from the sample again hits on the back side of the pellicle beam
splitter, and it would illuminate on the bare laser plate, and the Charge-Coupled
Plasma (CCD) camera would detect its drastic motion when the optical breakdown
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is happened. The power meter was used the Thorlab’s S302c thermal power detector
had which can detect from 190 nm to 25000 nm of wavelength range.
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Fig. 3.3. Scheme of LIDT testing setup with Spitﬁre® regenerative ampliﬁer.

There were some optical components chagned while using the Pharos-Orpheus®
laser system. It is because the power irradiated from Orpheus-HP, was not suﬃcient to
breakdown some dielectrics. In order to increase the power illuminated on the sample,
it was necessary to change the pellicle beam splitter which has a higher portion of
transmittance and need to take out the diaphragm on the way of beam path. Instead,
the colliminated lenses were installed in order to reduce the Gaussian beam spatial
dispersion. Also, the lens’ focal length also changed to the shorter one to increase the
energy density (or ﬂuence). Moreover, for enhancing the detecting ability, a HeNe
laser was used and its beam aligned with the pulse laser beam parallel so that the
HeNe laser irradiate exact same spot with the pulse laser. Once the damage occurs,
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reﬂected HeNe laser was also changed due to the changing its surface condition, so that
the observer can detect the damage in real-time. Thus, this experimental setup could
detect the damage with two diﬀerent way, one with direct detection from the reﬂected
pulse laser through the CCD camera, and the other one is to see the diﬀraction of the
HeNe laser beam irradiated on the beam plate. Rests of the components were same
with Spitﬁre® LIDT testing setup. This LIDT testing setup with Pharos-Orpheus®
laser system scheme is shown at Fig. 3.4.
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Fig. 3.4. Scheme of LIDT testing setup with Pharos-Orpheus® laser system.

3.3

Spot Size Measurement
The unit of laser-induced damage threshold for ultrashort pulse is described as

J/cm2 . Once we have achieved the power (its unit is Watt, W) at the point that laserinduced damage occurred, we need to divide the power into the beam spot area, so
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that we can achieve the laser damage threshold with the unit of J/cm2 . Thus, we need
to measure exact cross-sectional area of the beam spot where the Gaussian beam has
been irradiated (ultrashort pulse follows spatial Gaussian proﬁle as well). However,
measuring the beams spot size is quite diﬃcult because usually its diameter is about
few tens of micrometer in this experiment. Thus, we apply a special technique, which
is called knife-edge measurement to estimate the beam spot size where the beam has
been irradiated.
Before we try to do the knife edge measurement, we need to ﬁnd the exact position
where the beam waist becomes the smallest (which is called the focal point). To ﬁnd
this position with z-direction (parallel with the beam irradiation axis), we should
move the translational stage with z-direction with holding dummy silicon sample and
ﬁnd the beam-spot position where the least amount of power is needed to break the
dummy silicon sample which can be detected by the CCD camera (or HeNe laser). At
that point, replace the dummy sample to a sharp-edged knife, put the power meter
right after the knife, and ﬁnd the x- and y-positions where this knife blocks the beam
where its transmittance power becomes 90% and 10%. It is much easier to understand
to see the Fig. 3.5. Once it is known the length between these two points, then it is
possible to derive the beam spot radius with following equation,
X90−10 = 1.28ωx

(3.1)

where X90−10 is the distance that the power detect the percentage of the power from
90% to 10%, and ωx is the beam waist in x-direction. Following with that equation,
it enables to achieve the cross-sectional area of Gaussian pulse beam which illuminate
on the sample. Detail information of how to derive this equation 3.1. is introduced
at Appendix A.

3.4

Sample Preparation
LIDT value is quite sensitive with the surface condition of the materials. There-

fore, cleaning process is a critical process to preparing the test samples. In this

27

Th!r!Mlllln lllll ►

Knife•edge I __.
·- ·~

. l

Translation stage

Fig. 3.5. Illustration of knife-edge measurement [38].

experiment, all the samples were prepared with the solvent cleaning right just before
the testing. The samples were immersed into the Acetone, Methanol, and Isopropanol
with 5 minutes of each solution with following sequence. For stoichiometric silicon
nitride (Si3 N4 ) deposition, standard 4-inch double-side polished quartz wafer was prepared, diced the wafers into several pieces, did the standard RCA cleaning to remove
all the residual organic or inorganic ionized materials, and then put it into the Low
Pressure Chemical Vapor Deposition of nitride chamber. Stoichiometric silicon nitride (Si3 N4 ) is deposited by the mixing of the Dichlorosilane (SiCl2 H2 ) and ammonia
(NH3 ) gas in the chamber at the temperature around 780◦ C. Its gas ﬂow ratio was
45 sccm of SiCl2 H2 and 160 sccm of NH3 and the time of deposition depended on the
target of thickness of the ﬁlm.
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4. EXPERIMENTAL AND SIMULATION RESULTS
As a discussion about the experimental procedure to test the laser-induced damage
threshold in Chapter 3, the LIDT of multiple-shot test had been done with two
diﬀerent laser system. One with Spitﬁre® , Ti:Sapphire regenerative ampliﬁer that
produces 800 nm, 700 fs, the other one, calls Pharos-Orpheus® regenerative ampliﬁer,
which can provide both 1550 nm and 2000 nm with 300 fs. The optical materials with
Si, SiO2 , Si3 N4 , LiNbO3 , and Al2 O3 were measured its LIDT under those conditions.
Also, LIDT of single-shot is also estimated by a simulation. Following sections will
describes limitations of the experiment and how these could be overcome, multipleshot LIDT of both bulk optical materials and thin-ﬁlm optical material (Si3 N4 ) with
diﬀerent thickness and comparing the values with those published in other journals,
and LIDT value diﬀerence between atmospheric and vacuum pressure. In addtion,
simulation results of single-shot LIDT of those optical materals are shown, and ﬁnally,
laser-induced damage in the waveguide which consists of those materials is shortly
discussed.

4.1

Power Deﬁciency Limit and Spot Size Correction
In common sense, a lens having a higher Numerical Aperture (NA) reduces laser’s

spot size, which means the laser-induced ﬂuence, which has a unit of J/cm2 , on the
sample substrate increases. However, if its spot size decreases, it is much harder
to calibrate exact size of it by using knife-edge measurement and increases its error
discrepancies due to its short Rayleigh length. Thus, there is a trade oﬀ relationship
between laser-induced ﬂuence and spot size measurement. When using with the
Pharos-Orpheus® laser system, it did not provide enough power to damage some
dielectric materials that have high damage threshold, such as SiO2 and Al2 O3 , with
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the lenses that have longer focal length than f = 40mm. Thus, it needed to use a
higher NA lens to give damage ﬂuence on those materials even though its spot size
measurement has higher chance of error discrepancies. In order to overcome spot
size measurement diﬃculties, both lower and higher NA lenses were used for lower
damage threshold materials, such as Si or Si3 N4 , and set the LIDT value with using
the lower NA lens ﬁrst with more accurate spot size measurement value, and then
estimate the spot size value of higher NA lens by assuming LIDT value would be the
same with both higher and lower NA lenses.
For testing the LIDT with these ﬁve optical materials when using Pharos-Orpheus®
laser system, longer focal length lenses (f = 125 mm for the pulse with its central
wavelength of λ = 1550 nm and f = 75 mm for for the pulse with its central wavelength of λ = 2000 nm) used for testing Si and Si3 N4 ﬁrst and then used shorter focal
length lens, f = 30 mm, and applied the eﬀective beam waist (wef f ) of f = 30 mm
lens to ﬁt both value to be the same. Rest of the materials, which are SiO2 , LiNbO3 ,
and Al2 O3 , were tested with f = 30 mm lens and assumed its beam waist with wef f .
Table 4.1. and 4.2. summarize what focal length lenses used, what spot size each
of them were, and what the eﬀective beam waists were ﬁt for calculating each LIDT
values.
Table 4.1
Spot size information and materials from Spitﬁre® laser system usage
Spitﬁre® laser system
λ = 800 nm, τ = 700 fs, Rep. Rate = 1 kHz
Focal Length Materials

f = 250 mm

Spot Size

Si

wx = 46.88 µm, wy = 39.69 µm

SiO2

wx = 39.06 µm, wy = 39.69 µm

Si3 N4

wx = 46.88 µm, wy = 39.69 µm
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Table 4.2
Spot size information and materials from Pharos-Orpheus® laser system usage

Pharos-Orpheus® laser system
τ = 300 fs, Rep. Rate = 10 kHz
λ = 1550 nm
Focal Length Materials
f = 125 mm

f = 30 mm

Spot Size
wx = 26.95 µm

Si, Si3 N4
SiO2, LiNbO3 ,
Al2 O3

λ = 2000 nm
Focal Length
f = 75 mm

wy = 25 µm
wef f = 11.68 µm

Spot Size
wx = 36.7 µm
wy = 35.16 µm

f = 30 mm

wef f = 16.18 µm

Some journals said that the materials’ LIDT values with higher and lower NA are
diﬀerent due to its nonlinearity [18, 39]. However, according to Uteza et al., surface
LIDT ﬂuence is insensitive among the NA range from 0.008 to 0.16 [39]. In this case,
the high-NA value is at most 0.042 and the low-NA value is about 0.017, thus, it
is negligible LIDT diﬀerences with NA diﬀerence. In addition, the paper mentioned
about the LIDT diﬀerence due to the spot size changes, however, the beam waist range
bigger than 10 µm is negligible its diﬀerences [39]. The beam waist size that had been
done were more than 10 µm, thus, it is good to ignore such eﬀect. Thus, such method
resolves both power deﬁciency problem and spot size measurement diﬃculties.

4.2

Multiple-Shots LIDT Experimental Values and Comparing the Value
with Published Journals
Under such conditions and constraints, those ﬁve optical materials had been

tested, below table is a result of three diﬀerent characteristics of pulse lasers from both
regenerative ampliﬁer ultrafast laser system. Speciﬁcally, these tested LIDT values
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are all consist of inﬁnite number of shot values since it is much more worthy to apply
into optical devices. It is because optical devices are working with inﬁnite amount
of pulses irradiated, thus, the LIDT value with inﬁnite number of shot indicates the
working range of power. Table 4.3. shows the results from the experiments with the
speciﬁed pulse characteristics with four bulk materials. Each of the value has been
achieved by the average of the collected trials with more than 10 times. The results
from the exact parameters with these laser characteristics are the ﬁrst time to be
reported except the silicon and the fused silica with 800 nm, 700 fs, and 1 kHz pulse
laser. According to Stuart et al., he ﬁrst reported the multiple pulse LIDT value of
fused silica with respect to the pulse width dependence with the central wavelength
of 825 nm [24]. According to his pulse width dependent versus damage ﬂuence plot,it
shows the damage ﬂuence value around 700 fs is about 2.4 J/cm2 , which is almost
same with this reported data. Also, according to Chen et al., he reported both theoretical and experimental value of semiconductor with respect to diﬀerent pulse width,
and he reported the LIDT of silicon with the central wavelength of 775 nm and its
pulse width around 700 fs is about 0.2 J/cm2 , which is also the similar with this
experimental data [40]. These comparisons demonstrate the experimental approach
is correct.
Table 4.3
LIDT value of Si, SiO2 (fused silica), Al2 O3 , and LiNbO3 with diﬀerent pulse characteristics
Materials 800 nm, 700 fs, 1 kHz 1550 nm, 300 fs, 10 kHz

2000 nm, 300 fs, 10 kHz

Si

0.195 ± 0.013 J/cm2

0.170 ± 0.005 J/cm2

0.168 ± 0.006 J/cm2

SiO2

2.53 ± 0.190 J/cm2

1.616 ± 0.197 J/cm2

1.494 ± 0.100 J/cm2

Al2 O3

N.A.

N.A.

1.539 ± 0.225 J/cm2

LiNbO3

N.A.

0.726 ± 0.039 J/cm2

0.617 ± 0.057 J/cm2
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The LIDT values that has been tested with the laser characteristics produced
from Pharos-Orpheus® do not have exact data to compare with from other published
journals. However, we can estimate the value with comparing the nearby value that
had been reported from previous papers. For instance, B. Cowan’s paper shows the
LIDT of Si with the range from 1550 nm to 2300 nm with 1 ps pulse width [41].
Comparing with his data, according to the Fig. 4.1., the current reported data is
slightly lower than Cowan’s data at the same wavelengths. Taking account with the
shorten of the pulse duration, then such data would make sense with the previous
result.
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Fig. 4.1. B.Cowan’s silicon ultrafast laser damage ﬂuence with different wavelength and pulse duration (blue dots) [41], and compare
with the data reported on this thesis with 300 fs of pulse duration
(red dots)

In addition, there were some experimental results that had been shown the threshold ﬂuences of the fused silica are nearly constant around the central wavelength of
the pulse as 800 < 2000nm [42], and also its ﬂuence of the pulse duration at 300 fs at
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1053 nm wavelength with 600 shots is around 1.8 J/cm2 [43]. These experimental results also prove that the current reported LIDT data of fused silica is consistent with
the previous results as well. For comparing the LIDT value of Al2 O3 , Ashkenasi’s
paper demonstrates that LIDT of sapphire (or bulk Al2 O3 ) within the pulse width
of 200 fs to 1.3 ps with the wavelength of 790 nm and over 100 pulses to applying
reaches to the constant value around 1.4 to 1.7 J/cm2 [44], and it also mentions that
the dominant mechanism of ablating Al2 O3 is exceeding kinetic energy of Al+ -ions
and it is independent of laser wavelength [44, 45]. Thus, the reported data of Al2 O3
with both 1550 nm and 200 nm is almost consistent with previous paper’s results.
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Fig. 4.2. Sapphire (Al2 O3 )’s LIDT values with respect to the pulse
duration and pulse numbers with ﬁxed central wavelength with λ =
790 nm from Ashkenasi’s paper [44].

Lastly, for comparing with the lithium niobate (LiNbO3 ), there is not enough
paper to compare its value with current reported data. However, for roughly compare
with the experimental expectation plot from Meng’s paper, its LIDT value would
toward close to 0.8 J/cm2 , which is slightly higher than the value form this thesis [46],
but it can be compatible with the paper’s value if its wavelength dependency is
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negligible like other materials has been assumed. Therefore, all the experimental
values are trustful to referring future applications.
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Fig. 4.3. Lithium niobate (LiNbO3 )’s experimental LIDT values of
multiple laser pulses with respect to the pulse duration with ﬁxed
central wavelength with λ = 800 nm [46].

4.3

Silicon Nitride LIDT with Diﬀerent Thickness and Diﬀerent Structure
In order to ﬁnd the intrinsic LIDT value of the silicon nitride (Si3 N4 ), its damage

testing with diﬀerent thickness deposited on the quartz substrate. Below table (Table
4.4) shows the result of it. Those values were achieved the average value from the trials
of each thickness of Si3 N4 with more than 10 times. The results demonstrate that
LIDT of Si3 N4 does not show the dependence of its thickness. In theoretical aspect,
damage threshold would be increased when the ﬁlm thickness is decreased because
the ﬁlm’s impurity decreases when the ﬁlm thickness is decreased [47]. However,
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for the case of inﬁnite number of pulse laser damage mechanism, the number of
impurity defects were already occupied by multiple pulses which have energy density
right below the threshold ﬂuence, thus the LIDT of Si3 N4 does not change with
respect to its thickness. There is not enough source to compare this value with other
experimental value, but one with quite close to compare it is Ken Soong’s conference
paper presented in 2011 in Particle Accelerator Conference, and he had a LIDT value
of Si3 N4 with 1 ps pulse duration, 800 nm of central wavelength, and 600 Hz of
repetition rate with 0.65 ± 0.05 J/cm2 , which is quite close value with the one that
currently reporting. The image of laser-induced damage of Si3 N4 ﬁlm is shown in
However, it was also found out that the damage threshold was drastically diﬀerent with the substrate even though its thickness is the same. When the sample of
stoichiometric Si3 N4 deposited onto the 2.9 µm of thermally grown SiO2 on the silicon substrate had been tested with Ti:sapphire regenerative ampliﬁer (700 fs of pulse
duration, 800 nm of central wavelength, and 1 kHz of repetition rate), its LIDT value
would be 0.24 ± 0.2 J/cm2 . Which was much lower than LIDT of both Ken Soong’s
value and current 1550 nm and 2000 nm values. Such big diﬀerence is because the
damage ﬁrst occurs on the interface between SiO2 and Si ﬁrst, prior to breakdown
the Si3 N4 , but this ﬁrst damage suddenly changes the top of Si3 N4 ﬁlm geometry and
it is broken down.

4.4

Air and Vacuum LIDT Diﬀerences of Silicon
LIDT value is also inﬂuenced by the material’s surrounding atmospheric pres-

sure. In order to see this diﬀerence, silicon substrate has been tested in the vacuum
chamber. The test was held one round with in atmospheric pressure (∼ 760 Torr)
and the other round with very low pressure (∼ 6 × 10−6 Torr) inside the vacuum
chamber. The laser was also used the Ti:sapphire regenerative ampliﬁer, which has
the pulse characteristics with 700 fs of pulse duration, 800 nm of central wavelength,
and 1 kHz of repetition rate. The result of presenting the LIDT diﬀerence has been
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Table 4.4
LIDT values of stoichiometric silicon nitride (Si3 N4 ) with diﬀerent thickness
1550 nm, 300 fs, 10 kHz

2000 nm, 300 fs, 10 kHz

600 nm

0.604 ± 0.21 J/cm2

0.459 ± 0.22 J/cm2

385 nm

0.607 ± 0.11 J/cm2

0.458 ± 0.10 J/cm2

200 nm

0.648 ± 0.02 J/cm2

0.647 ± 0.04 J/cm2

100 nm

0.629 ± 0.05 J/cm2

0.536 ± 0.09 J/cm2

50 nm

0.601 ± 0.06 J/cm2

N.A.

Thickness of Si3 N4
on quartz

Fig. 4.4. Image of stoichiometric silicon nitride laser-induced damage
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shown on Fig. 4.4. It shows that the LIDT value in air is about half of the one in
the vacuum. Lowering the LIDT value in air can be explained by Kﬀka’s paper. He
found such reason in morphological evidence [48]. In multi-pulse damage mechanism,
laser-generated damage debris, which induced by several pulses which have the power
right below of the threshold, are increased in air ambiance, and where this high debris content on the surface can act as scattering sites for subsequent laser pulses, and
ﬁnally such scattering sites enhances the local ionizations [48]. Such particle scattering sites can be seen by 3D laser microscopy. According to Fig. 4.5., there are
particles sparsely distributed near the damaged spot of silicon sample tested under
atmospheric pressure, however, those particles are rarely seen in the sample tested in
the vacuum. It is because once the particles emerged by the pulses in the vacuum
chamber, these are suddenly sucked out by the vacuum line so that the sample inside
the vacuum can avoid the local enhanced ionization. However, it just observed the
slight diﬀerence of LIDT value of silicon with the one in previous report. It maybe
come from the diﬀerent spot size measurement, but at least it can clearly prove that
the vacuum condition enhances the LIDT value.

4.5

Simulation Values of Single Shot Damage Threshold and Other Paper
Comparisons
Even though the author could not test the single shot LIDT test due to the

limited time spending in Stanford University, it was possible to estimate the single
shot LIDT value with the simulation. Following with the equation of the electron
density change rate described in Chapter 2., it is possible to calculate the electron
density excited by the photoionization and avalanche ionization with respect to the
time of the pulse duration. The pulse is assumed its shape as the temporal and spatial
Gaussian distribution and it can be described like this:




r2
t2
I(r, t) = I0 exp −2 2 exp −4 ln 2 2 ,
τ
w0

(4.1)
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where w0 is a beam radius, τ is a pulse duration, and I0 is a peak pulse intensity, and
it can be described as
I0 =

4Ep
√

τ w02 π

2π

,

(4.2)
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where Ep is a pulse energy in Joules which can be derived as a power irradiated on
the sample divided by the repetition rate. Since the Chris Ferris, who was a graduate
student in University of Nebraska - Lincoln, shared the MATLAB® codes of generating the electron density change rate by combining with the Keldysh’s photoionization
rate and avalanche ionization rate in his Master’s thesis [49], it was easy to simulate
with current proposed optical materials. Since the Keldysh’s photoionization rate
and avalanche rate depend on the materials’ properties, thus, it needs to make a
materials’ library to apply the rate equation easily. Ferry’s thesis has a library to use
it, however, it does not have any information of some materials, such as Si, Si3 N4 ,
LiNbO3 , and Al2 O3 . Although it has an information about SiO2 , its property is quite
diﬀerent with the published papers’ value, and the Ferry himself said that the LIDT
result of SiO2 seems not correct with other experimental value [49], thus, the material property of SiO2 in the library is needed to be modiﬁed. This author searched
many of the journals and found each segments of those materials’ properties, and the
example of those properties when it is in λ0 = 800 nm shown in Table 4.5. At least
six materials’ property segments are necessary to be valued: avalanche ionizatoin, α,
band gap energy, Eg , eﬀective electron mass, m∗ , linear refractive index, n0 , nonlinear refractive index, n2 , and reﬂectivity of speciﬁc wavelength, Ref. These material
properties are slightly diﬀerent with each segments’ value, but these are negligible.
Table 4.5
Material libraries to run the LIDT simulation with λ0 = 800 nm
Materials α [cm2 /J]

Eg [eV]

m∗ [Kg]

n0

n2 [m2 /W]

Ref

Si

4

1.12

1.08 m0

3.6941 1.6 × 10− 18

SiO2

8

8.3

2.2 m0

1.5384

Al2 O3

12

6.5

5.4 m0

1.7601 4.2 × 10− 20 0.0785

LiNbO3

4.6

3.8

6.0 m0

2.2110 2.0 × 10− 19 0.1422

Si3 N4

10

5.3

0.45 m0

1.9977 2.4 × 10− 19 0.1106

3 × 10− 20

0.329
0.045
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With using these material library, it is capable of simulating the LIDT value
of the single pulse, and the results are shown in Table 4.6. These simulated results
demonstrate the single shot LIDT value is always higher than the multiple shot LIDT
values. However, silicon is not that much diﬀerent ﬂuence values with the single and
multiple shot LIDT.
Table 4.6
Simulation results of single shot LIDT value of Si, SiO2 (fused silica),
Al2 O3 , LiNbO3 , Si3 N4
Materials 800 nm, 700 fs, 1 kHz 1550 nm, 300 fs, 10 kHz

2000 nm, 300 fs, 10 kHz

Si

0.30 J/cm2

0.18 J/cm2

0.137 J/cm2

SiO2

3.77 J/cm2

4.03 J/cm2

4.35 J/cm2

Al2 O3

2.30 J/cm2

3.03 J/cm2

3.05 J/cm2

LiNbO3

N.A.

3.4 J/cm2

4.1 J/cm2

Si3 N4

N.A.

2.18 J/cm2

2.40 J/cm2

4.6

Laser-Induced Damage in the Waveguide and Discussion of Future
LIDT Study
Unlike the laser-induced damage of bulk or ﬁlm, laser-induced damage on the

waveguides show the irregular shape on the damaged site. Most of the damage occurred at the input facet of the waveguide (like Fig. 4.7 and Fig. 4.8), but it is
sometimes occurred in the middle of the waveguide (like Fig. 4.9.) prior to the input
facet damage. However, due to its irregularity occurrence of the damage and limited experimental aperture setup to testing the LIDT of the waveguide, it does not
yet researched well. Moreover, there is no research paper published yet that deals
with the theoretical approach of laser-induced damage threshold on the waveguide
aspects. Thus, further investigation of the LIDT on the waveguide aspect and ﬁnd
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the relationship with the bulk or ﬁlm LIDT is a next step to research. In addition,
for further investigation of the LIDT testing of waveguide asepect, auto-correlation
or FROG systems would be needed to test.

Fig. 4.7. SEM image of the laser-induced damage on the input facet of waveguide

Fig. 4.8. SEM image of the laser-induced damage on the input facet of waveguide
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Fig. 4.9. SEM image of the laser-induced damage on the middle of waveguide
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5. CONCLUSION
Since the demands and developments of optical communication devices and optical
synchronized accelerator increase, deﬁning the laser-induced damage threshold of the
optical materials becomes important. Especially, LIDT study of sub-picosecond, nearIR, and high repetition rate of the pulse laser is more critical because it can help to
determine the optimal power range to operating the devices. In this thesis, the
theoretical approaches of LIDT was reviewed in Chapter 2, and the experimental
setup was also reviewed in Chapter 3, and newly achieved LIDT data of ﬁve optical
materials, silicon, silicon nitride (Si3 N4 ), fused silica (SiO2 ), sapphire (Al2 O3 ), and
lithium niobate (LiNbO3 ), with three diﬀerent pulse laser characteristics are proposed
in Chapter 4. Diﬀerent pulse laser characteristics were one with 700 fs of pulse
duration, 800 nm of central wavelength, and 1 kHz of repetition rate; the others
with 300 fs of pulse duration, both 1550 nm and 2000 nm of central wavelengths,
and 10 kHz of repetition rate. Comparing these newly achieved LIDT values with
those of reported in published journals with diﬀerent laser characteristics, these new
LIDT values keep consistency with previous reported value. In addition, this paper
demonstrates the thickness diﬀerence of silicon nitride rarely eﬀect on changing the
LIDT value and it does not show any tendency. Rather, diﬀerent structure of the
substrate below deposited Si3 N4 ﬁlm more inﬂuences on the damage of it because if
the materials with lower LIDT than Si3 N4 became a substrate, then the substrate
occur its damage ﬁrst and then it induces the damage to Si3 N4 by changing the
geometry afterwards. LIDT test with air and vacuum pressure was also proposed
and the result shows that the sample in the vacuum has higher LIDT value than
that of in atmospheric pressure because vacuum can help the sample to avoid local
ionization due to the particle spreading in air on the sample surface. Lastly, using
the simulation code of the rate of changing electron density in the conduction band,

44
LIDT value with single pulse can be calculated and those results are quite compatible
with other published journals. For the future work, it was also discussed in Chapter
4 that it is necessary to demonstrate the LIDT value in the aspect of geometry of
waveguide. In addition, it would be nice to testing it with the single shot damage
threshold in the future so that it can compare with the simulation results.

LIST OF REFERENCES

45

LIST OF REFERENCES

[1] T. Nagatsuma, G. Ducournau, and C. C. Renaud, “Advances in terahertz communications accelerated by photonics,” Nature Photonics, vol. 10, no. 6, pp. 371–
379, 2016.
[2] A. Weiner, Ultrafast Optics. Wiley, 2009.
[3] NOAA, “What is lidar?,” 2017.
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A. KNIFE-EDGE MEASUREMENT PRINCIPLE
Theoretically approach this method, we need to understand the equations of the
Gaussian intensity proﬁle and the Gaussian probability distribution, and these are
described in detail in the paper [50]. Brieﬂy introducing the derivation of the equation
3.1 at here, we can assume a beam propagation in the z-direction with a Gaussian
intensity proﬁle [50]:

�

�

I(x, y) = I0 exp −2x2 /ωx2 exp −2y 2 /ωy2 ,
and the total power in the beam can be described as:
Z ∞
Z ∞
�

�

π
2
2
exp −2x /ωx dx
exp −2y 2 /ωy2 dy = I0 ωx ωy .
PT OT = I0
2
−∞
−∞

(A.1)

(A.2)

Once the knife edge is translated in the x-direction, by using the standard deﬁnition
of the Error function, the transmitted power can be described as,
"
√ !#
2X
.
P (X) = PT OT 1 − erf
ωx

(A.3)

Also, the Gaussian probability distribution related with the error function can be
described as,
1 1
P (X) = + erf
2 2



x
√
2


(A.4)

Using the transmitted power equation, Equation A.3, we can describe the 10% power
as:
0.1PT OT


√

2X10
PT OT
=
1 − erf
,
2
ωx

(A.5)

and the error function can be
√
erf

2X10
ωx


= 0.8.

(A.6)
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Using the equation A.4., this can be related with the Gaussian probability distribution
so that

and where

P (x10 ) = 0.9,

(A.7)

√
2X10
x10
=√
ωx
2

(A.8)

Using the standard probability table, this gives
x10 = 1.28

(A.9)

X10 = 0.64ωx .

(A.10)

and

Due to the symmetry of the Gaussian function, the length between the points of 10%
and 90% can be reached as the equation 3.1.
X10−90 = 2 × 0.64ωx = 1.28ωx

(A.11)
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B. MISCELLANEOUS IMAGES OF LASER-INDUCED
DAMAGE OF THE OPTICAL MATERIALS

Fig. B.1. SEM image of silicon laser-induced damage with 800 nm,
700 fs, and 1 kHz
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Fig. B.2. SEM expansion image of Fig. B.1. at the side wall of silicon
laser-induced damage with 800 nm, 700 fs, and 1 kHz

Fig. B.3. SEM image of sequent series of laser-induced damage testing
on the quartz with 800 nm, 700 fs, and 1 kHz

53

Fig. B.4. SEM Image of expanding the third hole from the top shown in Fig. B.3.

Fig. B.5. Optical image of the laser-induced damage of silicon nitride with 385nm

